The resistive switching effect has been studied in a set of organic polymer -based structures of a different composition and size scale from macro to micro. It is shown that scaling down reduces both the threshold switching voltage V th and the respective effective electric field E th . Furthermore, introduction of metal micro particles into a macro scale polymer matrix provides the same effect. Therefore the metal particle incorporation may be regarded as an alternative method of effective scaling, depending on an application. Switching speed of less than 15 ns, threshold voltage V th~( 2 -25) V, 10 5 cycle endurance, no significant moisture dependence and high retention time 3.5 months for scaled down samples as well as for metal doped macro samples have been demonstrated. These characteristics are suitable for constructing memory devices. The switching effect mechanisms are discussed.
Introduction
Development of compact, cheap and fast memory elements is one of the most rapidly growing areas of the modern electronics [1] . Several types of the memory devices have been suggested, among which the most commonly used are the Dynamic Random Access Memory (DRAM) and the flash memory [2] . Each type of the memory elements has both advantages and drawbacks. Since the number of possible memory device applications is very high, it is important to consider alternative approaches for the memory technologies. In particular, the Resistive Random Access Memory (RRAM) is based on the resistive switching effect (RSE). This type of memory is non-volatile, fast and endurable [3] . Active elements responsible for the switching effect may be inorganic [4, 7] , organic [5] [6] [7] as well as composite materials [7, 8, 10] . Advantages of the organic-based RRAM technology are low cost, easy processing and good scaling opportunities [9] . Samples can be made from solutions by simple methods such as spin coating, drop casting or deposition from the molted state.
The resistive switching effect in polymer and composite materials is studied in detail for micro-and nano-scale structures [8] [9] [10] . At the same time, macro-size polymer and composite structures practically did not receive much attention in view of their relatively low operating parameters. In this paper, we performed a comparative study of this type of structures in the macro-and micro-scales. We show that depending on the application requirements, different optimization solutions are possible. In particular, it is demonstrated that modification of macro-structures by inclusion of metal microparticles into a polymer matrix may result in improvement of operating parameters above the level of pure polymer micro-structures. Introduction of particles into matrix is not only a promising technique for memory devices, but also may be used for solar cell elements sensitization. By introduction of particles in matrix capture of charge carriers and charge separation occurs. Method of particle incorporation in different inorganic matrixes is widely used for sensitization of materials for solar cells [11, 12] .
It is doubtless that one of the greatest challenges in electronics is miniaturization of active elements, nevertheless possible applications for macro memory cells are still appearing. One of the possible applications is RFID tag for everyday use, it must be easy processable, cheap, endurable and fast, but can be macro scale. Mechanisms responsible for IV curve formation in the macro-and microscales, for pure and doped structures, are defined.
Experimental
As it was mentioned, it is important that organic-based memory devices are technologically adaptive and flexible. Therefore we have chosen widely spread commercially available polymers polystyrene (PS), polyvinylchloride (PVC) and polycarbonate (PC) as base materials for our experiments. These polymers are electrically isolating in pristine conditions, soluble in organic solvents and very cheap. Great advantage of these polymers is that no significant moisture and air degradation even in outdoor conditions was noticed [13] .
To modify the RSE features, characteristics of composite structures of the chosen polymers with metal silver and zinc micro-sized particles (diameter 5-20 µm) were studied as well. Metal micro particles were supplied by Federal State Research and Design Institute of Rare Metal Industry GIREDMET (Moscow, Russia). Mass percentage of particles was around 50%. Polystyrene was purchased from SigmaAldrich (Mw~350 k, # 441147). In order to exclude the influence of the metal particle distribution on the experimental results, for each composition and geometry we performed at least 10 experiments and did not find significant differences in the results, thus specific metal distribution in polymer matrix cannot be responsible for the observed phenomena. Particle distribution was performed by scanning electron microscope Zeiss Supra 40, at Figure 1 the cross-section image of macro composite sample: Ps with Zn particles is shown. For each material used in our experiments, we chose the best appropriate contact geometry according to the easiest fabrication method. We did not vary the film thickness and did not investigate the influence of this factor on the switching parameters.
Two types of the contact geometry were used. The first one is the sandwich geometry, for which samples were deposited from hot melts between two glass substrates with the ITO conductive coating. This geometry was used only for pure polymers. The contact area exceeded 0.5 cm 2 , and the sample thickness was below 50 µm. The second type was coplanar geometry that was used for both pure and composite samples. In this geometry, samples were deposited on insulating substrates, and electric contacts were either fabricated on top the sample or formed on the substrate prior to the sample deposition. Typical coplanar sample geometry is shown schematically in the inset to Fig. 2 .
Depending on the contact distance samples will be referred as macro, intermediate and micro. Macro-samples were fabricated in both coplanar and sandwich geometries. Sandwich macro-samples are described above. The coplanar geometry was used for composite samples: hard 0.5-2 mm thick plates of polystyrene with metal particles that were obtained by following method: metal particles were introduced in the polymer solution in tetrahydrofuran, the composite solution was stirred in the ultrasonic bath and afterwards casted in the forms. Silver contacts from silver paste 'Kontaktol' purchased from a Russian distributer 'Chip&Dip' were formed on the top of the active material. The distance dbetween contacts varied between 0.5 and 2 mm.
Intermediate-and micro-samples were fabricated only in the coplanar geometry. Thin golden electric contacts were photolitographically deposited on the top of an insulating glass or a silicon substrate. Two types of the contact configuration were used in this case. For the intermediatetype, the distance between contacts was 200 µm. For the micro-type, the contacts were interdigitated with the distance between them varying from 7 to 20 µm. After that solutions of active materials in tetrahydrofuran were spincoated or drop-casted on the substrates. Spin coating was performed at speed 2000-2500 rpm for 5-15 seconds. The active layer thickness varied from 5 to 50 µm.
Current voltage (I-V) characterization of fabricated devices was performed by the use of Keithley 2612A Source Meter at room temperature. I-V curves were obtained by sweeping the bias from 0 V to a certain positive or negative value and in the reverse direction, afterwards multiple cycles were repeated. The bias sweeping rate varied between 0.3 and 3 mV/s. The bias voltage did not exceed 400 V. The current limits were either set by a device under study or by connection of a series resistance to a sample.
Measurements of the RSE kinetics were done using a Tektronix DPO 3054 oscilloscope. The kinetics measurements were performed by application of square voltage pulses from a signal generator Tektronix AFG 3021B.
Results and discussion
Existence of at least two different conducting states and an electrical hysteresis upon bias sweeping indicates appearance of the resistive switching effect. By application of threshold voltage Vth the resistive transition from the OFF to the ON state occurs. This transition is a writing process. A reverse transition from the ON to the OFF state is an erasing process, which is described by power values Pth=I*V. Power values characterize switching process and energy capacity better than threshold current I th values because of the fact that we utilized current compliance regime for the realization of stable ON-OFF switches.
The RSE was observed for all contact configurations and all substrates by varying active materials and measurement conditions. ON/OFF ratio varies from 10 to 10 6 for composite intermediate samples and pure polymer macro samples respectively. HRS is usually higher than 1MOhm, LRS is usually under 100kOhm. Switches are unipolar, writing and erasing processes can occur in the same polarity. Typical I −V characteristic is shown in Fig. 2 on an example of a macro-scale sample of PS with Ag micro particles. The sample conductivity is small (part 1 of the curve) below the bias voltage V th = 5.9 V, when the transition from the OFF to the ON state occurs, and the sample conductivity changes (2) . With the further increase of the bias voltage, the I − V curve is close to linear (3), until the threshold current I th = 6 mA is reached, then the sample switches back to the initial low conducting state (4). The sample stays in the low conducting state at the further bias voltage sweep up to 9 V (5). For voltage sweeps from 0 to 7.6 V and back sample switches in the conducting state and then stays in the conducting state for long time (months).
The switching parameters V th and the switching electric field E th = V th /d, where d is the distance between contacts, were analyzed for different sample materials and geometries. The results are summarized in Table I . PVH, PC and PS polymers showed similar behavior; therefore, only PS results are discussed in detail. The comparison of all devices is discussed in detail, all the geometries are also noted in the description.
First of all, the value of E th is less than the dielectric breakdown field in all samples. Secondly, the RSE was observed in pure polymer macro-samples in the sandwich geometry, but it was not detected in pure polymer samples in the coplanar contact geometry. However reduction of the coplanar geometry sample size from the macro-to the 200 µm intermediate-scale made it possible to observe the RSE even in the pure polymer samples. In the case of composite materials, the RSE was observed both in macroand intermediate-scale samples in the coplanar geometry. It is important that the values of both V th and E th dropped with decreasing the composite sample size. However further composite sample scaling down had no effect in performance for relatively big metal particles (5-20 µm). In contrast to that, pure polymer micro-samples did demonstrate a strong drop in V th and E th at scaling down to 7-20 µm. The E th value reduced down to 3*10 3 V/cm which is comparable to the respective parameter of composite intermediate-samples. The experiment did not show any significant difference between composites with zinc and silver particles. It means that the high electrical conductivity of a particle in comparison with a polymer matrix is a main factor for the switching effect, and the particle composition plays only a minor role. Thus we have shown that not only the threshold voltage V th , but the threshold electric field E th as well, are strongly reduced by scaling down the pure polymer-based RSE memory devices. Addition of metal particles to the polymer can act as a scaling factor, too. Therefore, depending on the memory application type, different approaches may be used. Smaller contact distance can be used for a high density memory, while large scale contact structures combined with composite active layers for low cost applications are more suitable.
It should be noted that by scaling down samples power required for ON-OFF switching is reduced. Moreover behavior of power is in good accordance with V th .
To study the kinetics of switching between the OFF and ON resistive states, voltage pulses were applied to the contacts of an investigated structure. It was shown that the OFF -ON transition is induced by a short, 15 ns duration voltage pulse of a maximal amplitude. After that, a 110 ns pulse with the smaller amplitude could transfer the sample back from the ON to the non-conductive OFF state. Both transition times were less than 15 ns (Fig. 3) . In the insert retention time in shown. The retention time was investigated periodically for both ON and OFF states at reading voltage 1 V, a retention time of 9*10 6 seconds (~3.5 months) for the micro sample of PS with Ag microparticles admixture was obtained. The switching cycles from the OFF to the ON state and back were repeatable, which was confirmed by performing endurance tests. In our experiments, resistive switching cycles OFF -ON -OFF were induced by application of pairs of voltage pulses described above, with the frequency of 10 -100 Hz. The number of writing-erasing cycles N was estimated by measurements of the experiment time for which the resistivity of the OFF and ON states was not changed. Following this protocol, it was demonstrated that the N value is not less than 10 5 . In this endurance test, both the switching amplitude and the V th , I th critical values did not change. Understanding of the conductivity mechanism in the low conducting state gives a key for optimization of characteristics of RSE-based memory devices. To reach this goal, it is important to study specific features of currentvoltage characteristics of macro-and micro-scale structures. Figure 4 shows typical I -V curves for macro-(black symbols) and micro-scale (grey symbols) samples in differ- 
The "b" panel refers to the Richardson-Schottky presentation
It is easy to see that macro-scale samples follow well the Poole-Frenkel dependence, whereas for micro-scale samples, the Richardson-Schottky presentation is more suitable. The Poole-Frenkel and Richardson-Schottky effects describe the increase in the thermal emission rate of charge carriers in the external electric field. The PooleFrenkel effect is due to the lowering of barriers distributed in the sample bulk [14] , whereas the Richardson-Schottky effect is due to the reduction of surface barriers in electric field [14, 15] . The results show that the macro-scale sample conductivity is defined by barriers localized in the sample bulk. In contrast, conductivity in the micro-scale samples is governed by contact barriers. Another argument in support of this statement comes from the fact that scaling down provides drop in both Vth and Eth threshold parameter values. It means that the electric field applied is not homogeneous throughout a sample, but is distributed between a finite number of potential barriers. These barriers in the sample bulk may be attributed either to the polymer chain junctions in pure samples or to interfaces between metal particles and the polymer matrix in composites. Apparently scaling down reduces the number of junctions involved, and eventually the contribution of contact barriers to conductivity starts to dominate in micro-scale samples. The RSE is observed irrespectively on the conductivity mechanism of the low conductive state. On the other hand, its understanding may help to distinguish between possible switching mechanisms. There are several models commonly described in the literature: filament formation and rupture [16] [17] [18] [19] , tunneling [20] and charge storage [21, 22] . Filaments are built either from metal particles incorporated in the polymer matrix, or from the contact material. Several filament formation models may be regarded as preferable in the literature: thermochemical memory and RedOx mechanisms: electrochemical metallization, vacancy change [23] . Only thermochemical memory is unipolar, therefore we focus on this filament type. The highly conductive state corresponds to the charge transport through the filaments, and the switch from the ON to the OFF conducting state occurs when filaments are ruptured due to Joule heating. In the case of a pure polymer matrix, high electric fields are needed for ion movement from contacts into the polymer [7, 22] . In the case of composite materials with embedded conducting particles, lower electric field for the filament formation is required which corresponds to the results obtained. The filament length decreases with scaling down the sample size leading to a respective drop in the Eth and Vth values, in accordance with the experimental results.
The switching mechanisms related to the charge accumulation and tunneling are normally explained by the contact barrier formation and the charge accumulation on traps in the sample bulk [25, 26] . Both effects restrict of the charge injection from contacts, which is described in terms of the space charge limited current model. It leads to the appearance of a non-linear current-voltage characteristics.
In pure polymer samples junctions between the polymer chains act as defects, so a decrease in distance between the contacts leads to a reduction of the number of junctions. In composite materials, the amount of junctionlike traps between metal islands is lower compared to pure polymers. It results in higher conductivity of the low conductive state and lower V th and E th values compared to the pure polymer samples of the same scales. Addition of metal particles or decreasing the contact distance provides a lower tunneling length and a decrease of the V th value. Thus both the charge storage and the tunneling mechanisms fit well observed phenomena.
Conclusion
Bistable resistive switching effect was observed in pure polymer and composite polymer-metal active layers both in the macro-and micro-scale. The mechanism of conductivity in the low conducting state for macro-and micro-scale samples has been analyzed. It is demonstrated that this mechanism changes from the Poole-Frenkel one in the macro-scale to the Richardson-Schottky mechanism in the micro-scale. Notably, both mechanisms refer to existence of potential barriers for the conductivity either in the sample bulk (macroscale) or at the contacts (micro-scale).
